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OFFLAMETEMPERATURES FROM2000°TO3000°K

BYMICROWAWABSORPTION

ByPerryw. Kuhns

SUMMARY

Equattonsarederivedforthemeasurement
fromtheattenuationof a microwavebeamby temp=ature-inducedfree

offlametemperatures

electronsfromchemicalelementsintroducedintheflame.Corrections
aredevelopedto accountfortheelectrondistributionintheflsme.
ProcedureforobtainingthetemperatefromabsorptionisoutlAned.

Thefreeelectroncollisionfrequencyandsneffectiveionization
potential.forfouralkalielementsweredeterminedexperimentally.The
dataweretakenona gasburnerwitha temperaturersmgefrom1900°to
2400°K. Theeffectiveionizationpotentialof s~iumagreeswiththe
speciral.-linelimitvalue.I?romtheseexperimentalionizationpotentials
andtheexper&ntalcollisionfrequency,anaccuracyof~0° K inthe
temperaturewasobtained.

Fluctuatingsmdaveragetemperaturedataof a liquidpropell&
burnerarepresentedprimarilyfrom1.25-centimeter-wavelengthmicrowave
measurementsin comparisonwithsimult=eoustwo-colorpyrometerand
soundintensitymeasurementsintheregionfrom2200°to2900°K.

IN’J330DUC!KIWJ

Presentexperimentalworkonrockets@ jetengineshasshownthe
needfora methodofmeasuringgastemp-aturesabove2000°K. Sucha
methodtobe practicablemustbe relativelyinsensitiveto conditions
outsidetheflameregionof intWefiawlto variationsingasflow.
Becauseofthetemperaturesinvolved,sucha methodshouldnotnecessi-
tatethepresenceofdevicesintheflameitself.Amongsuchmethods
presentlyavailablearethesodium-hereversal,the“two-color”sys-
tems,theinfraredandtheultravioletradiationmethods,andthemethod
_ useoftemperature-dependentattenuationofradiationinthe
microwaveregion. -,
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Themicrowaveattenuationmethodisdependentupontheabsorption
of electromagnetic’wavesby temp~atwre-inducedfreeelectrons.The
electrondensity,andthustheabsorptionpower,isa functionofthe
gastemperature.Inmostflamesitisnecessaryto addanalkalisalt
of lowionizationpotentialto supplysufficientfreeelectrons.

Belch=andSugden(refs.1 and2)usedmicrowaveabsorptionto
determinetheelectrondensityin a studyoftheionizationof alkali
saltsina flame.Theyconcludedthatdeviationsof electrondensity m
fromthevaluescalculatedfromSaha’sequationcouldbe ex@ainedby o
reactionsproducingalkalihydroxidesndoxidecompounds,andthe G
productionof electronacceptors.Rudlin(ref.3)presenteddatashowing
thevariationofattenuationwithflametemperafieintheregionof
1903°to2500°K andconcludedthattheattenuationwasmibstantial.ly
independentofthehalidecomponentofthesaltused.

Thepresentworkis concernedwith(1)thedeterminationofthe
co113.sionfrequencyoffreeelectronsin a flame,(2)theestimationof
theeffectofnonequilibriumandflsmechemistryupontheeffective
ionizationpotentialofthealkslielement,(3)theextensionofthe
idealizedinfinite-sheetformulatothecaseof attenuationof a micro-
wavebeamby a finitecylindricalflame,(4)theestimationof sensitiv-
ityoftheattenuationmeasurementto vm?iationsinflameparameters
suchastemperature,flsmesize,gasflow,andsaltconcentration,and
(5)theapplicabilityof aninstrumentforthemeasurementof average
flametemperaturessm.doftime-fluctuatingflsmetemperatures.

Microwaveattenuationreadingsweretakenon a blastburnerfortwo
wavelen@hsattemperaturesbetween1900°and2400°K W. conjunctionwith
sodium-linereversaltemperaturemeasurements

6
andon a liquidpropellant

burneratImnperaturesbetween2200°and2900 K in conjunctionwith
scdium-linereversalortwo-colorpyrometermeasurements.Measurements
offlsme-texuperaturefluctuationsontheliquidpropellantburnerwere
tskenwithK-bandmicrowavesin conjunctionwithtwo-colorpyrometerand
sound-intensitymeasurements.

TIIMIRY

UnboundedAbsorb=

Electromagneticwavespassingthroughanunboundedisotropicmedium
offreechargedparticlesareattenuatedexponentially:

P = Poe-rz= POe-A (1)

1

(AllsyribolsusedinthetefiaredefinedinsppendixA.)
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Fromclassicalelectromagnetictheory(refs.4 and5 andappendix
B),itisfoundthat T, expressedindecibelspercentimeter,maybe
closelyapproximatedby:

o.455ng
r“ (2)

(D2-1-g2

where n is in electronspercubiccentimeterand u and g arein
reciprocalseconds.

Msrgenau(ref.6),usinganenergy-distributionequationinsteadof
themono-energicdifferentialequation,obtainssubstantially-thesame
equationintheregionofradiationfrequencyandelec-&rondensityof
interestaswasobtainedinthispaper.

In equation(2),g isa viscousdampingfactor
sionsbetweenelectronsandmolecules.Withtheuse
thevalueof g canbe determinedexperimentallyby
urementsoftheattenuationattwowavelengths

7

U32 -ml ~
g“ Y1 -Y2

duetothecolli-
ofequation(2),
simultaneousmeas-

(3)

Thismethodwasusedto determineg inthisreport.classic~theory
sets g equalto theelectron-moleculecollisionfrequency(refs.1,2,
~d 4)Trhichisfouudfromthekinetictheoryofgases(ref.7)as:

r
gffpd2& (4)

Additionaldsmpingdueto ion-electroncollisionswascalculatedfrom “
theformulaofSmerdandWestfold(ref.8) andwasfoundtobe negligible.

Theelectrondensityn of equation(2)canbe determinedfrom
Saha’sequation(refs.7 and9, sadappendixC) assuminga singlealkali
saltin an electritallyneutralflame:

#’ 5040q~
log= = logf = 15.385+ ;log T- T (5)

where n and N areinreciprocalcubiccentimeters,qi is inelectron
volts,and T is indegreesKelvin.A graphof n/N againstlogf/N
isgivenirifigure1. Intheregionlogf/N<-2, n/N=~.

—.——— -. — —_.-’. — .— ——
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Fromequations(2)and(5)thevariationoftheattenuationcoeffi-
cienty withtemperatureT maybe obtained.Thisisdemonstratedin
figure2 wherethevariationof T tith T is shownfordifferentcon-
centrationsof sodiumsaltandfortheK-bandmicrowaves.

It is seenfromfigure1 thatalmostallatomsareionizedwhen
logf/N>1. Abovethisvaluethechangein attenuationwithtemperature
becomesnegligible.Thetempaatureatwhich f/N= 10 maybe described
astheupperlimitofusefulnessofthismethodformeasuringthetem- 0)0
peratureofuriboundedflames.In addition,thereisaninstrument13mi- I-1m
tationindetectingmicrowavepowerwhichsetspracticallimitsonthe
applicableelectrondensityat 3x1011/R< n< 3x10H/R,when R isin
centimetersn isinreciprocalcubiccentimeters.

Inthecaseofdisequilibrium,Saha’sequationmaystillbeusedif
a changedionizationpotentialisassumed.BelcherandSugden(refs.1
and2)havedemonstratedthedisequilibriumeffectsandhaveproposed
sidereactionswhichtillmodifySaha’sequationin a complexway.
Assumhgforsimplicitythattheonlychangetakingplaceisintheion-
izationpotential,thenintheregionf/N<< 1 therelationbetween
twoionization
(fYomeqs.(2)

potentialsandthecorrespondingattenuationcoefficients
and(5))is: ‘

Thedeviationoftheexperimentslllyobtainedionizationpotentialfrom
thespectral-heMmit valueis a measureoftheeffectofdisequilib-
riumonthe ionizati.”onprocess.

In equation(2)the
flameisoffinitesize,
internalreflectionsdue

FiniteAbsorber

absorberis consideredunbound~.Sincethe
however,twoeffectswilltakeplace: (1)
to thediscontinuityattheflameboundary(ref.

4),and(2)theeffectdueto theelectrondistributioninandthefinite
circulsrgeometryoftheattenuator.Thefirstoftheseeffectswas
checkedtheoreticallyby useoftheequationsinreference4 andexperi-
mentallyby measurementsofthereflectedbeamintensities;theeffect
wasfoundtobe negligible.However,theeffectsof electrondistribu-
tion,a fimitecylindricalabsorber,anda finitebeamcannotbe
neglected.

Assuminga cylindricallysymmetricattenuatortraversednormallyby o
a beamof squaresymetry,thecorrectedattenuationcoefficientAC)as
a functionoftheparametersy and ~/R,isdefinedby:

‘.

,<;.

—. —— ——— .
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AcX~c= total.transmittedpower-lolog ~ot~ ficfdmtpower (7)

where ~ isindecibelB,~ is one-halfthemeanwidthofthemicro-
wavebesm,and R isthespecificmeasuredradiusas showninfigure3.

Thecorrectedattenuationwascalculatedassumingtheelectron
densitytobe a functionoftheflameradial.distance.Shownin$ig-
ure3(a)istheelectrondensitydistributionforthespecificcaseof
theblastburn= determinedfromelectricalprobeandcorrectedthermo-
coupleprobemeasurements.Fi~e 3(b)showsa moregeneralcaseassumed
fora turbulentflameinthermalequilibrium.Themicrowavebeampower
patternusedis showninfigure4, asdeterminedby actualmeasurements
fora beamemanatingfroma doubleconcavelensandhorncotiination.
Thispatternwasfoundtohavealmostthesameshapeinboththe E and
the H planes.Thecenterlineofthemicrowavebeamwasassumedto
passthroughthecenterofthecylinderandthedirectionofpropagation
wastakenasnormaltotheaxisof cylindricalsymmetry.Becauseofthe
complexityoftheproblem,theintegrationwasdonenumerically.The
flamewidth,beamwidth,andflameconductivityarefixedby_theflame
geometryandby,thegivenvaluesoftheparametersA and x/R. The
quantityA isdeterminedby assuminga homogeneousdistributionof salt
anda uniformtemperature.Thecurvesinfigure5 correcttheattenua-
tionforboththesaltdistribut~onandtheflamegeometry.Theresult-
ingrelationamong~, A, and x/R is showninfigure5.

Forthefiniteabsorber,thevalueof f/N forthe~er limitof
usefulnessfortemperaturemeasurementismorecomplexthanthelimitfor
aninfiniteabsorber.A fairapproximationtakenfromplottingcorrected
attenuationcurvesmaybe givenas

WA
f/N & 10 .

TemperatureMeasurementSensitivity

Withtheinsertionof’valuesintheequationsshowninappendixD,
itwasfoundthatintheregionusedthesensitivityoftheinstrument
to temperaturewas4 to 15timeslargerthanthesensitivityto anyother
flamepsmmetersuchasf@me radius,saltflow,flamevelocity,orbeam
size.SincethecoefficientsB and C_ (appendixD) as showninfig-
ure6 arelargerforgreatervaluesof x/R,thefinaleffectisto low=
thetemperaturesensitivityas ~/R increasesuntil,intheregion
~/R= 1.8,thetistrumentisno longera goodtemperature-sensingdevice.

Becauseofthesimilarityin slopesndspacingofthecorrection
curvesinfigme 5, them.rsmetersB and C derivedfromfigure5(b).
mayalsobe employedto estimatethesensitivityofthetemperaturemeas-
urementsontheblastburnerflame.

>,

. . . . .. ..— —— — .—— -. — .—
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If a temperature
T istobe measured,.
sucha measurementis

NACATN 3254

~hs.ngedT ratherthantheabsolutetemperature
anapproximateexpressionfortheuncert-tityin
givenby:

!WL2E+W
AT T f%

Moreexactexpressionsforthisuncertaintyare

(8)

givenin appendixD.

To simplifythereductionofdata,anadditionalrequirementfor
themeasurementoffluctuatingtemperaturesisthatthechangeininten-
sitywithtemperaturechangebe aslinearaspossibleoverthetwnpma-
turerange.Theextentofthislinearityisdemonstratedinfigure7
wheregraphsoftheattenuationas a functionoftemperatureareplotted
forfiveelements.

Theresponseofthesystemtotime-fluctuatingtemperatureswill
dependuponthefrequencyandthevelocityofpropagationofthesefluc-
tuations. Assumingthattheattenuationfluctuationmovesatthegas-
stresmvelocityu andvariessinusoidallywithtimeatfrequencyv,
thefrequencyVZ atwhichtheindicationof emplitudeofthealternat-
ingcomponentsofpowertill.be reduced1 decibelisgivenby:

= 0.18~
‘2 z

(9)

ExPERmAL METHODS

ProcedureforTemperatureMeasurement

Attenuationreadingsweretakenoftheflsmewithsnilwithouta
lnloqamountof saltadded.Iftheattenuationwithoutaddedsaltcould
notbe neglected(whichhappen~onlywiththealcohol-oxygenflsme),
theattenuationwithaddedsaltwascorrectedby meansofequation(C2).
Thetemperaturewasfound
temperatureobtainedfrom
exampleshowingthesteps

,

graphicallyfromcurvesof attenuationagainst
equations(5)and(2)andfigures1 and5. An
usedmaybe foundin appendixE. “

Instrumentation

A schematictiagrsmofthemeasuringsystemis showninfigure8.
ThemicrowavegeneratorfortheX-bandmeasurementswasa U.S.Navy
‘IS-120testsetcontaininga 723-A/BKlystronoscillatingat965Qt70
megacycles.ThemicrowavegeneratorfortheK-bandmeasurementswas

.

a powersupplyofNACAconstructionwitha 2K33 Klystronoscillatingat
27,600+100megacycles.ThereflectorvoltagesofbothK3ystronswere
modulated.

.
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Measurementsofthebeamintensitypatternsshowedthatin orderto
makethesystemapplicabletoflamesofthesizeused,itwouldbe net.
essaryto narrowthebeambymeansofdouble-concavemetalconverging
lenses.Thelensesusedwereof sluminumsheetinLuciteholders,de-
signedfrominformationinreference10. Thevaluesof ~ obtainedwere
1.8centimetersfortheK-bandand3.2centimetersfortheX-band.The
distancebetweenlenseswasapproximately40 centimeters,withtheflame
midwaybetweenlenses.Attenuationofthebesmbyionizedflamesdid
notchangethevoltagestandingwaveratioby my detectableamount.

Silicondiodecrystalswereusedas square-lawdetectors.A ll?26
crystalwasusedfortheK-band(1.25-cmwavelen@h)anda lN23crystal .
fortheX-band(3-cmwavelength)measurements.Twomethodswereusedat
varioustimesformeasuringthecrystaloutputs:a tunedvoltmeter
readingindecibels(with1 kilocyclemodulationontheKlystron)for
measuringmeantemperatures;ad an smplifier,band-passfilter,and
cath~derayoscilloscopesystem(with20-kilocyclemodulationonthe
Klystron)forrecordingvaryingflametemperatures.

Blast-BurnerTests

Ablastburnerwhichburnedpropsme-air-oxygenmixtureswasused
fortheexperiments.By varyingthefuel-oxidantratio.thetemperature
couldbe variedfrom1900°to2500°K. Theburnerwasmountedon a
largeoptical.benchin sucha waythatit couldbe movedto intercept
eithertheK-bandortheX-bandbesm.

Thealk@lielementswereintroducedaswatersolutionsofhalide
saltsin a finesprayatthebaseoftheflame.Readingsof attenuation
by theflsmeweremadewithandwithoutthespray.Theatomicflowrate
wasfoundby measuringtheweightofthesolutionusedovera given
periodoftime,theflowratebeingkeptconstant.Theflamevolumeflow
ratewasfoundfromintegrationsoftotal-pressuremeasurementstaken
acrossa numberofflsmes.Theaverageatomicdensitywasobtainedby
dividingtheatomicflowrateby theflamevolumeflowrate.As the
saltwasnot@ormly distributedthroughouttheflame,a methodwas
devisedbywhichthemagnitudeandtheshapeoftheelectrondensity
curveintheregionbelow2100°K couldbe estimated.An ionization~
probewitha separationof2 centimetersbetweenpoleswasmovedthrough
theflameandbothcurrentandvoltageweremeasuxedjfromreference11,
n ai/UeV. Becauseoftheunknownvaluesof electronmobilityaudfield
strengthonlytherelativeelectrondensitiescouldbe determined.At
thesametime,thermocoupletemperaturemeasurementsweretakentodeter-
minetherelativetemperatureprofileoftheflame.To correctforradi-
ationeffects,thethermocouplereadingswereraiseduntilthepeak
readingequsledthesodium-linereversaltemperature.Fromthesedataa
curveoftherelativeatomicdensitycouldbe obtained.By inte~ating
andnormalizingthiscurveovertheflamecrosssection,a valuew-
obtainedfortheratioof.thepeakelectrondensitytotheaverage

..—- — ——-—— .___ —
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electrondensitycomputedfromthesaltflowratefortheassumptionof
umiformtemperatureandsaltdistribution.

Thewidthoftheflsmewasmeasuredinthreeclifferentways: (1)
bymeansof a platinumprobeconnectedto a commercialelectronicswitch
whichclosedwhentheresistancebetweentheprobeendswaslessthan
2 megohmsj (2)fromtots-pressuremeasurementswitha probe;and.(3)
by meansof a salt-coatedpyrextube,thesaltbeingmeltedfromthe
tubewhenplacedacrosstheflsme.

To ascertainthetemperatureoftheflameby thesodium-linere-
versalmethod(ref.lZ),thesodiumwasintroducedasNaNO%powderat
theflanebase.

Theblastburnerwas
quencyby useofequation
equation(6)andto check

usedto determinetheelectroncoldisionfre-
(3)andtheionizationpotentialsby useof
thecorrectiontechnique.

Liquid-fiopellantBurner

A photographof
ure9.

We Propeu=ts

theapparatusintheburnercellis

(al.cohol-o~gen,andheptane-oxygen

showninfig-

thatcontained
smallimountofturptitine)werei~ted in a tube5i1 centimetersin
diameterwhichwasopenatoneend. Thetemperaturersmgeof2200°to
2900°K wasobtainedby varyingtheoxidant-fuelmassflowratioin
discretestepsof 1.2,1.6,2.0,and2.4. Thepropellantflowwasheld
constantatO.2poundpersecond.Themicrowavebeamwas“focused”in
theexhaust,8 to 18 centimetersbelowthetubeend. Becauseof space
limitations,itwaspossibleto useonlyonewavelengthata time.
‘Bothwavelengthswereusedinmeasurementsonthe‘alcohol-oxygensys-
tem,whileonlyK-lmndmeasmementsweretakenontheheptane-oxygen
Sysi%m.

Theliquid-propellantburnerwasusedto establishthefeasibility
of usingthemicrowaveapparatu=on suchtypesofflamesandto obtain
dataontherapidfluctuationoftarperaturesinflames.

Thesaltused,NaI,wasintroduceddirectlyintothefuel. The
saltwaseasilysolubleinthealcohol,butnotinheptane.Thus,it
wasnecesssryffistto dissolvetheNaIinacetoneandthento suspend
thissolutionintheheptane.Otheralkalisaltsweretriedwith
unsatisfactoryresultsastomixing.Sincefrompriorexperlmntsan
unknownsmountof scniiums-t contaminatedthealcohol-omenflsme,
equation(C2)wasusedindeterminingthetemperature.

—.- —._ ______ ._ _. . . ——.—. .—.._— _—
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Temperaturemeasurementswerealsomadeintheupperpartofthe,. ttieforanoxygen-alcoholflsmeby sodium-linereversal(ref.13)and.
atthelevelofthemicrowavebeamfortheheptane-oxygenflameby the
two-colorpyrometersystem(ref.14).

E%PERmENT&R.EmLTs

BlastBurner

Determinationof correctionforelectrondistribution.- Typical
datatakenwithanionizationprobeandwitha thermocoupleprobeare
showninfigure10. Fromaveragesof suchcurvestheshapeofthe
electron-densitycurve(fig.3(a)) wasdetetind. Theabsolutemsgni-
tudeofthecurvewasdeterminedby equatimgtheareaintegralofthe
normalizedelectrondensitycurvetotheaverageelectrondensitycal-
culatedfromthemeasuredgasflow,saltflow,sadsodium-linereversal
temperature.Theratioofthetium electrondensitytotheelectron
density,assuminga homogeneousdistributionof salt,wasfoundtobe
0.55.IKrcmthiscurve,thegeometrycorrectionf= thespecificcase
oftheblastburnerflamehasbeendeterminedas showninfigure5(a).

A p’=tialexperimentalverificationofequation(8)forabsorption
by a finite-sizeflamewasfoundbymeansofmeasurementsintheX-band
regionwithno lenses,onel~s, andtwolenses.Theratiosofexperi-
mentallymeasuredattenuationsforthesethreeconditionswere
0.64:0.77:1.0,respectively,whilecalculationsbymeansoffigure5(a)
pretictedratiosof0.40:0.80:1.0.Thediscrepmcyintheresults
whenno lenseswereusedisduetotheinabilityofthecorrectionto
compensatefullyforsucha largeratioof Z/nb

Determinationof collisionfrequency.. Fromsimultaneousattenua-
tionreadingsontheblastburnerintheregionT = 2200°K, theratio
of T fortheX-bandmicrowavesto T fortheK-bandmicrowaves,after
correctionforbesmsize,wapfoundtobe eqti to 1.65.Insertionof
thisvalueinequation(3)alongwithknownvaluesofthemicrowavefre-
quenciesgavea valueof g=1.9XIO~ see-l.Thisvaluemaybe compared
withthekinetictheoryvalueof g*O.8X10U sec-~(eq.3),theone
determinedfromtheelectronmobility(eq.(B14)) asusedbyWilson
(refs.11 and15)inflsmeionizationstudiesof g=5.9X101-3-see-l,smd
theonedeterminedexperimentallyfrommicrowaveattenuationsby Belcher
andSugden(refs.1 and2) of gdO.9KLO~see-l.Intheregion
0.8e 10U < g < 2X1011,K-bandattenuationreadingsme fairl.yfisensi-
tivetothecol13sionfrequencyg,whiletheX-bandattenuationinthis
ssmeregionisappro-tl..yproportionalto l/g.

r

In ectend3ngthevalueof collisionfrequencyto othertemperature
regionsbeyondthatinwhichmeasurementsweremade,itwasassumedthat

,, g = p/@ asfi equation(4)●

. ...__ ________ _____
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Determinationof effectiveionizationpotential.- Thetotal-
pressureprofilesof27differentflsmesweremeasured.Fromthesepro- *

filesandthetemperatureprofile(fig.10),theintegratedvolumeflow
ratewasobtainedasa functionofthesodium-linereversaltemperature
(fig.n(a)). Thevalueof 2R wasfoundfromflame-widthmeasurement
by threemethodsandis showninfigureU.(b)as5.7centimeters.

Thetheoreticalattenuation’coefficientat2000°K fortheaccepted
ionizationpotentials(ref.16)wascalculated.Fromaveragevaluesof
theK-bandattenuationat2000°K, theeffectiveionizationpotentials
werefoundfromequation(6)andsreshownforfourelements(cesium,
rubidium,potassium,andsodium)intableI. Alsoshownarethevdms
foundbyWilson(ref.16)andBelcherandSugden(ref.2)usingthe g
employedintheirwritingsandusingthe g ofthisreport.Theeffect
of changingthe g istoraiseWilson’sresultsby about0.4evandto
lowerBelcherandSugden’svslueby about0.2ev.

It canbe seenfromtableI thatsodiumseemsunaffectedlyflame
chemistryordisequilibriumandthatthestrongerthebindingofthe
electronthesmalleraretheeffects.

ltro.mtheexperimentallyobtainedionizationpotentialsforcesium,
r’iibidium,andpotassiumandtheacceptedvalueforsodium,themicro-
wavetemperatureswereobtainedby theprocedureoutllnedin appendix
E. Theresultanttemperaturessreplottedagsinstthesodium-line
temperaturesinfigure12.

Fromfiguresn(a) smdn(b) theprobableerrorsin atomdensity
sndflsmewidthsre AN/N=@.10 and AR/R=@.15. Theuncertaintyin
thesodium-linereversaltemperaturewastakenas AT/T=@.01. When
thesevaluesandthevaluesoftheparametersqi,B, and C are
insertedintoequation(D6),theaversgedeviationexpectedbetween
sodium-linereversaltemperaturesandmicrowavetemperaturesshould
rangefromaboutA35°K at 1900°K to aboutk70°K at2400°K. Ofthe
K-bandandX-bandpoints,81and67percent,respectively,infig-
ure12fallwithintheselimits.However,thereis a smallsystematic
errorintheX-bandtests.It is suggestedthatthiserrorisprobably
dueeithertofailureofthetheoryto correcttheattenuationcompletely
forflamegeometryinthehigherattenuationregionsortothestrong’
dependenceoftheX-bandattenuationontheelectroncollisionfrequency.
ThussomeoftheadvantagethatanX-bandsystemenjoysdueto larger
andmoreavailablecomponentsisoffsetby thelsrgerbeamsizeandthe
collisionfrequencydependence.

As is seenfromfigureI-2,thereisno apparentdependenceofthe
ionizationpotentialupontheoxygen-nitrogenratiointheflsme.It
canbe concludedthatsodiumcanbe usedW a hydrocarbonflamewith
theacceptedvalueoftheionizationpotentialinSaha’sequation.

m
3m
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LiquidPropellantBurner

.%4

.!

Meantemperaturemeasurements.- Inthecaseoftheliquidpropel-
lantburner,fewerindividualmeasurementsweremadethanforthe,other
burners.Theflamewidthmeasuredfromphotographswas7.6centimeters.
Theflamevelocitycalculatedfromhigh-speedphotographsofa scresmhg
conditionandfromthefrequencyresponse(eq.(9)) was3K104centi-
metersper second,givinga flowrateof 1.36x106cubiccentimetersper
second.If anaversgemolecularweightoftheexhaustgasof15 is
assumed,a flowrateof 1.2x106cubiccentimeterspersecondisfound
fromthepropellantflowrate. A valueof 1.3x106cubiccentimetersper
secondwasusedinthecomputations.Theamountof saltplacedinthe
fuelvariedfrom0.4to 1.0~ams in4000cubiccentimetersoffuel.
Atomicdensitiesintheexnaustvariedfrom1.0to 1.7xlO~ atomsper
ocubiccentimeter.Thetemperaturemeasurementsontheoxygen-alcohol
burnershownintableIIwerefoundby averagingtheresultsofmicro-
wavevoltmeterreadingsofnumerousrunsforgivenfuel-oxygenmass-flow
ratios.Theaveragedifferencebetweenthetworesultsis 60°K. Use
oftheclassicalcollisionfrequencyof g~ ().8x@l r~sesthecliffer-
encebetweenthetworesultsto about200°K,well.outsidetheexp~i-
mentalerror.Ontheoxygen-heptaneburner,averagesovershort,
randomly-spacedintervslsweretakenby useofthecathode-rayoscillo-
scopeapparatus.TheresultsforK-bsmdmicrowavesarecomparedwith
average“two-color”measurementsinfigureI-3.

M~suremenioftemperaturefluctuations.- Whenthecrystaloutput
wasconnectedto theplatesofa cathode-rayoscilloscope,therapid
fluctuationsintheattenuationcouldbe observed.Useof equation(9)
showsthatX-bandmicrowaveswouldbe unsatisfac+-oryfnmeasuringfluc-
tuatingtemperaturesinthisflame;thereforeonlyK-banddatawere
taken.A testwasmadeto decidewhetherthefluctuationswereprimarily
duetotemperaturechangesorto saltde~itychanges.Thetestwas
basedonthefactthat,witha lowconcentrationof cesiumsaltinthe
flsmeatthetemperatureoftheliquid-propellantburnerflame,thesalt
wouldbe almosttotallyionizedsmdanylargevariationintheattenua-
tionwouldbe attributabletoflowvariations.Thisexperimentwas
performedandy5.eldedonlysmallattenuationvariationsatthosefuel
mixinresettingsatwhiChinjectionof sodiumsaltyieldedviolentatten-
uationfluctuations.Theseresultsindicatedthattheobservedattenua-
tionfluctuationswereduealmostentirelytotemperaturefluctuations
andnotto chsmgesinthegasflowrate.

Figme 14 showsmeasmementsontheheptane-oxygenburneroftemper-
aturesobtainedby K-bandmicrowaveattenuationmeasurements,andby the
two-colorpyrometer.Alsoshownsresimultaneoussound-intensitymeas-
urementstakenwitha microphone15 centimetersawayfromtheburner.J%
theresponseofthemicrophonefortheconditionsusedisnotdefimitel.y
known,themicrophonedatasreincludedonlyto showthatscreaming
conditionsexistealduringthemeasurement.

—. ..- ..— —
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33?loththemeantemperatureandthemeasuredchangein attenuation
areestimatedtobe accuratewithin2 percent,theerrorinthechange
intemperatureis4.!5percent.Figures14(a)ad 14(b)representcondi..
tionsof scresmingat 1000and3000cyclespersecond,respectively.
Thetwo-colorinstrumentshowshigherfrequencyfluctuationsthanthe
microwaveinstrumentbecausethelatteravaagesovera volume100times
asgreatasthatcovaedby theformer.Twolongermeasurementperiods
areshowninfi-gure15forthesoundandK-bandmicrowaves.Additional
data~ be foundinreference14,

.
Inthefigurestheflowrateandtheflae radiuswereassumed

constantforthemicrowavedata,andno correctionwasmadeforthefre-
quencyresponseto attenuationfluctuations.Takingtheeffectofthese
intoaccount,itisestimatedthatfor1000cyclespersecondscresming
thetemperaturepeaksare200K low,thevalleys200K high,andno “
-e occusin therestofthecurve.

EffectsofAdditionofSaltSolutiomonFlsmes

Theauditionofthewater-saltsolutiontotheblastflamewas
observedto changetheregionoffl~ sta%ilityandto changetheflame
sound.Theeffectscouldneqrlybe duplicatedby usinga purewater
spray.

Whenalcoholandoxygenwereusedintheliquid-propelhntburner,
theadditionof salthadnonoticeableeffectontheflameexceptto
colorityellow.Inthecaseofheptane-oxygen,theadditionof acetone
inwhichsodiumiodidewasdissolvedwasfoundtohavea decidedeffect.
Withno acetone,steadyscreamingwasobservedonlyatanoxygen-fuel
mass-flowratio O/F= 1.6j with3 percentacetoneinthefuel,scresm-
ingwasobservedat O/F= 1.6and2.0. With8 percentacetone,the
burnerscresmedat O/l?= 1.2,1.6,2.0,and2.4. Theamountofacetone
usedinthetemperature-determinationexperimentswasalways3 percent
or lenss.

CONCLUSIONS

Thefollowingconclusionsmaybe drawnfromtheexperimentaland
theoreticalinvestigationofflsmetenpraturesbymicrowaveabsorption:

1.Theoreticalcomputationsindicatethatmicrowaveattenuations
canbe usedas a measureofbothmeand rapidlyfluctuatingtempera-
tures,withlittledependenceupongasflow.Experimentalsttiesverify
thesecomputationswithintheerrorofthemeasm%ments.Overtherange
used,thetheoreticalsensitivityoftheattenuationtotemperaturewas
est@atedtobe 5 to X5timeslargerthanthesensitivityto anyet-her
flameparameter. .
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2.Theexperimentallyobtainedcollisionfrequencyforelectrons
waefoundtobe approximately1.9x10Ureciprocal.secondsat a tempera-
tureof2200°K.

3.Theionizationof sodium“seemsunaffectedby flamechemistry,
andtheacceptedvalueoftheionizationpotentialmaybe used.The
elementscesium,rubidium,andpotassiummaybe affectedby flsme
chemistryin sucha wayastonecessitatea calibrationbyadjusting
thevaluesoftheionizationpotentials.Theionizationpotentialsseem
tobe independentofthenitrogen-oxygenratiooftheflame.

4.Theattenuationformulaforanunboundedsheethasbeenextended
to includefiniteflames.Suitablecorrectionscanbe madeforthesize
oftheflameiftheflamediameteris 60percentormoreofthebeam
width. Smallerflamesintroduceseriouserrors.

5.Microwavetemperaturescanbereadfromoscilloscoperecordsby
useof‘areferencescale.Overa temperaturespanof 6000K (themid-
pointdependingonthesaltwed) thevariationof intensitywithtem-
peratureisalmostlinear.Overthislinearrangethetemperaturewill
be accuratetowithinabout+60°K andchangesintemperaturecanbe
measuredwithin+5°K or4.5percentofthetemperaturedifference,
whicheverislarger.Therangeoftheinstrumentmaybe increasedby
theuseofa meterwithlineardecibelscale.

6.TheuseofK-bandradiationwasadv=tageousbecauseofthe
smallerbesmsizeandtheinsensitivityoftheattenuationto electron
collisionfrequencies.

7.Theeffectoftheadditionofthe
theflamehasno effectonthecotiustion
tionalmaterialis siidedas a solventfor
sffecteddrastically.

requiredquantityof saltto
propetiies.However,if sddi-
thesalt,theburningmaybe

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May26,1954

. - ..— .— —_____ .-
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ThefolJmw3ngs@ols areusedinthisreport:

attenuation,A = 2Ry= ZT

ccmrectedattenuation,~ = -C

psrameters

velocityoflightinvacuum,2.998X108m/see

moleculardismet=

electricfieldstrengthalongthey axis

electroniccharge,1.602x10-lgcoulomb

functioninSsha’sequation

viscouEdampingcoefficient(collisionfrequency)

magneticfieldstrength

intensityofthemicrowavebeam

ionizationprobecurrent

currentdensity

*

“BoltZmann’sconstant,8.628x10-5ev/% or 1.380x10-16er@K

electronmass,9.107x10-31kg

nuniberof

numberof

numberof

microwave

atms (perunitvolume)furnishingfreeelectrons

freeelectronsperunitvolum

positiveionsperunitvolume

power

gasstaticpressure
.
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r

T

t

Ue

u

v

w

a

r

Yc

e

‘o

x

P

PO

v

‘1
t7

CD

ionizationpotential

specificmeasuredflme

radialdistancevector

absolutetemperature

time

electronmobility

flamevelocity

ionizationprobepotential

radius(fig.2)

saltmassflowrate

distancevectors

one-~ meanwidth

phaseconstant

ofthemicrowavebeam

attenuationconstant

powerattenuationcoefficientforan infiniteflame

power.attenuationcoefficientforfiniteflame,db/cm

electricalpermittivity

permittivityoffreespace,8.85x10-12farad/meter

propagationconstant,x = a + i~

magneticpermeability

permeabilityoffreespace,1.257x106henry/meter

cyclicfrequencyoffluctuation

cyclicfrequencyatwhichthemeasurementisdown1 db

electricalconductivity

~ frequencyofrsliiation

-- . — —— .— .——. —.——.z .—. _ .— ——..
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Subscripts:

o initialConditions

1,2,3 usedto denotesepsrateconditionsappearinginthesame

equation

w
Poccl

.

w

—— — — -. — ——.
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DEVELOPMENTOFATTENUATIONEQUA!IZONS

Thefollowingequationsaredevelopedinthesamesequenceasthose
inreference4. Allunitsof electricalmeasurementarerationalized
units.

Theclifferentis3equationfora planewavepropagatinginthez-
directioninanunboundedmediumis:

(Ill)

Theequationfor H is identicsl.

1?theelectromagneticwaveisharmonicinttiepropagatinginthe
positivez-~ection,thenthesolutionof (Bl)isgivenby:

E= E. ~ (-j~ + jaz- ~z) “ (B2)

where

X2=~&&+ jpum= (a+ JB)2 (B3)

and a isthephaseconstantand ~ istheamplitudeattenuation
constant.

Theequationforthedisplacementofa freeelectronina polarized
electricfieldis:

where y isthedisplacementofthe

e EO exp(-jmt) (B4)

electronfromequilibriumand R
isa viscousdamping-factor.Thesteady-statesolutionof (B4)ist~en:

1 ejE. eXp(-jti)
Y =— —

jmm
(B5)

g-

lYtheresre n freeelectronsperunitvolume,themaximumcurrent
densityJ is:

ne2 E
()

J=ne~=— _
.g-jm m (B6)

- . ————-—.——— _ ——._ _ .—— .— —
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since J = uE,itfo120wsthat

MACATN3254

.

(B7)

ASSUDl~ both $ = SO and.~ . po,insertionofthevalueof a
from(B7) intoequation(~) yields13-as:

where

+=

Ford?<<1,by meansofthe

In
further

Since

or

binomialexpansion,

(B8)

(B9)

(B1O) ‘

thewavelengthandconcentrationrangeof interest,f3 canbe
approximatedby

(m.)

P =POe -2pz= P. e-r’

insertionofnumericslvsluesfor e,c,m, and co intheproperunits
yields

-0 .455%
‘-a?+gz

(B1.2)

w
.

——.
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where y isindecibelspercentimeter,n isinelectronsTercubic
centimeter,and g isinreciprocalseconds.Equation(BE!]maybe used
up totheregionT ~ 5 forK-bandmicrowavesand T ~10 decibelsper
centimeterfor X-bandmicrowaves.

Thed-cmobilityisdefinedinreference7 as

‘e=$%-i
Substitutingfromequation(36)andsettingg>>0

(E13)

(B14)

. — ———- —____
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Saha’sequation

f=

Fora singlesaltin

NACATN3254

APPENmxc

SAHA’S EQUATION

(refs.7 and9)foralkalielementsisgivenby:

Imf () ()2Ycmk3/2@/2 ~ -qi
N = h2- nf ZT- (Cl)

an electricallyneutralflame u = n andequa-
tion(Cl)-maybeexpressedasequation(5).

.

Of interestistheproblemofattenuationmeasurementsofa flsne
whichiscontaminatedbyanunknownquantityofsalt. Znthiscase,two
attenuationsmaybe measured,yl and y2,therespectiveattenuations
beforeandaftertheadditionofa knownsmountof salt.Thefollowing
equationsmaybe setup:

forcontaminatingsaltintheflame

nn
N1 - nll‘ ‘1

L A

forcontaminatingsaltplusknownsalt

(n~2+n22)n~2

‘1 - ’12

(n12+n22)(n12‘%22

‘2 - %2

forknownssltonlyintheflame

$3 .
N2 - %3

wheretheftistsubscriptrefersto the
tenuationreading.

’12+ %2 a

%“Y1

= ‘1

nlz) =f2

.

...

‘2

saltandthesecondtotheat-

T2

,,

.

. .
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Defining

o.455~g
T3 .

6J2+02

21

(C2)

(C4)

.—
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MTTNDIXD

SENEZTIWITYO?~~,

Thefollowingapproximateformulasservetointicatethesensi-
titityofthemicrowavetemperaturemethodto changesinvariouspara-
metersandto aidin estimatingpossibleerrors.
canbe Conibinedto givethedependencyof y on
f/N< 1. .

[ ( )1/
ra@gjV4exp-~ Q2+

Tbisdependencymaybe approximatelyrepresenied

%
()

ya@exp -m

also

T=YCG Y/rc
Framequations@l) and(D2),

and

.,

,

Equations(6)and(2)
T overtheregion

8’

g2
by the

rlto

(Dl)

proportionality

(D2)

(D3)

{M)

(m)

.
where A = 2RY. Ccaubiningtheseequationsyieldsthefollowingrelation
mong thevariationsintheexperimentalfactorswtdchenterintoa
temperaturedetermination:

(D6)

wheretheparameters

w
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areobtainedfromfigure5(b)andareshownin figure6 asfunctionsof
A and ~/R. Since

and

thenintermsof
city u

-s

5N 6W—=—-
Nw

thesaltmass-flow

(

2 8AC Zc
—. -—
1 -BA= 1-B

u

8U 26R—-—
u R

rate w andtheflamelinearvelo-

5R bW—-
)

2C S
R ~+$+————

1-Bz (D7)

Intherangeofusefulnessofa singlesalt,~ /ltCwillvaryfrm 20
to 30. By insertingin equation(D7)theextr~ valuesof B and C
frmnfigure6,itisfoundthattherangeoftheratioofthesensitivity‘

. oftheattenuation
to anyotherflame

totemperatureto thesensitivityof the attenuation-
1?ammeteris:

Z/k Ratioof sensitivity

0.6 10 - 30
1.0 5 -25
1.4 4 -X5
1.8 3 - 12 ..

Framthesevaluesit canbe saidthatintherangeofattenuationswhere
theinstrumentwasusedtheattenuationwas5 to 15timesmoresensitive
totemperaturechangethantoanyotherflameparsmeter.Thesensitivity
toflsmersdlusbecomesbrgerwithincreasing%/R. Framthesevalues
it canbe seenthatseriouserrorswillenterwhen %/R is mater than
1.4andthatabove%/R= 1.8 theinstrumentisunsuitedforthede-
terminationoftemperature.

If thetemperaturechWge AT froma meantemperature@ isto
bemeasuredby thedeviationoftheattenuationAAc framthemean
attenuationlC,thenthesensitivityofthechangeusingequation[IK)

t
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andassumingR,~, and N constantis givenby

wherem/@is tobe
Theusualmethod

NACATN 3254

,.

(Df3)

mibstitutedfrom(D6).

of determiningfluctuationsin temperatureisby
useofpreviouslypreparedtheoreficdcurvesofintensityratioagsinst
temp-eraturefordifferenttiues of N. If themeantemperatureis

8

determinedfromthesecmves andthemeasuredmicrowaveattenuation, $

thenby useofequations(D7)and{D8)theprobableerrorinthetem-
peraturefluctuationsis givenby:

wherethe b‘s denoteprobable

m2 2

( ) [1(T l-B

+5W2+5U2
T IIii

errors.

%
ml=2

)1

-—— +
&i xc

I]2C & 2
+ ny (D9)

Ifjhowever,anindependentmethodofmeasuringthemeantempera-
tureisusedthenequations(D6)and(D9)yield

lwr’l%r+l*r’(?Y[l(*-%)~12+
I II 1]2(C+1-B)5R2+ 2C 522

1-B F 1-~

Sinceinmostcasesthemeanattenuat~onis takenfrcma large
numberofreadings,thetermscontainingAc maybe neglected.

.———____
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APPEKUUE

~F~O~G~~ FROMTHE~ON

If SOMUIIIsaltandK-bandattenuationareused,theexperimental
attenuationduetotheaddedsslt A maybe changedto A bymeans
offigure5 andtheknownvalueof ~/RjA iS dividedby theflame
diameter2R to obtainr, and T isfoundfromfigure2 fw the
lalownVsllsleof N.

If anottirsaltand/oranothermicrowavefrequencyisused,the
followingexemplegivestheprocedureby whichy isfoundasa
functionof T asinfigure2.

1. T5efollowingconditionssreassmed:

Flemevolumeflowrate,cc/sec. . . . . . . . . . . . . . . . . . ~06

Saltmassflowrate,gm/sec. . . . . . . . . . . . . . . . .2.2Xl.0-3
m(K-bandmicrowaves)... . . . . . . . . . . . . . . . . 1.73u#

g“*”*”””””.*?”””” ““”” 1.9x1#’A/-= 8.9x10121fi
Saltused . . . . . . . . . . .
~,ev . . . . . . . . . . . . .
Molecularweigh te . . . . . .

. .
● ✎ ✎ ✎✎✎☛ ✎☛ ✎☛✎✎✎ ✎ ✎ ✎

✎☛ ☛✎☛☛✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ 5.36
. ..*.* . ...0. . . . . 1.33.9

2.Find: T at 28@ K

3.N= 2.2tiO-3X6.02~02%1

10%33.9

= ~013atausof Ii/cc

4.logf = 15.385+; log2800- 5~~~36 = 10.90 (eq.{5))

logf/N= -2.10,n/N= 0.089 (fig.1)

5.T== .Q (eq.(2))
J+gz N

= 13.OXn/N= 1.16,db/cm

By repeatingsteps4 and5 fordifferenttenrpe@ures,a graphsimilsrto
figure.2maybe plotted.Forknownvaluesof x and R, a graphof
theattenuationAc againstthetemperaturemaybe plottedwiththe
useoffigure5.

— —__—. .—.
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TABLEI. - COMPARISONOF IONIZATIONPOI’ENTIA

Accepted,
reference16 --- 3.87
Resentdata 1.9xl@ 4.30
Reference15 5.9 “ 3.97
Reference15 1.9 “ 4.37
Reference2 .9 11 ----
Reference2 1.9 It ----

4.16
4.37
4.22
4.62
----
----

2 pote
K

4.32
4.54
4.35
4.77
4.6
4.4

i30FALKALIMETAIS

+

~tial, ev Estimated
Na Li error,

e~
I I

5.12
5.15
4.77
5.20
----
----

5.36
----
4.88
5.32
----
----

+0.01
Q.06
----
----
----
----

TABLEII. - MEANMICROWAYETEMPERATURl%5

OFOXYGEN-AU!OHOLBURNEREXHAUSTUSING

K-BANDANDX-BANDMICROWAVES

Oxidant-fuel K-Band X-Band
mass-flowratio ‘% oK

,

.

.
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I Figure 9. - K-band microwave equipment in the liquid propellant burner test cell.
(electronic equipment in controlroom.) z
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